INTRODUCTION
I have chosen a s the theme of t h i s l e c t u r e "Prospects f o r a Second Generation Supersonic Transport". This is a very l a r g e s u b j e c t and I s h a l l be a b l e t o cover only some of the key a r e a s .
The s t a r t i n g point has t o be Concorde a s t h i s represents t h e f i r s t generation of Supersonic transport and i s the only c i v i l supersonic transport i n operation today.
M y aim i s b r i e f l y t o review Concorde and t o t r y t o put i t i n t o context, i d e n t i f y i n g both the good and the bad aspects of t h a t programme. From t h i s I s h a l l e x t r a c t t h e major lessons t h a t we have learned over t h e 30 years o r s o since Concorde was f i r s t a gleam i n our technical eyes. This leads n a t u r a l l y i n t o the requirements and prospects f o r a successor t o Concorde and I s h a l l deal with the l i k e l y market f o r t h e a i r c r a f t , the technology standards required and t h e environmental i s s u e s .
I n p a r t i c u l a r a s t h i s paper i s p a r t of a conference devoted t o "Materials f o r Aerospace Applications" I w i l l deal with t h e possible material choices f o r both airframe and engine i n some d e t a i l .
L a s t l y , t h e r e is t h e question when, o r perhaps i f , a successor is l i k e l y t o go i n t o s e r v i c e and how such a p r o j e c t is t o be brought t o f r u i t i o n . THE LESSONS FROM CONCORDE S t a r t i n g with Concorde i t i s c l e a r t h a t i t s unique p o s i t i o n a s t h e only c i v i l supersonic transport i n s e r v i c e makes i t an important stepping stone towards a successor.
To s e t the scene i t i s worth noting a few s t a t i s t i c s r e l a t e d t o
Concorde. To d a t e the combined f l e e t s of B r i t i s h Airways and A i r France have between them achieved around 49,000 supersonic f l i g h t s and around 100.000 supersonic f l i g h t hours. I n f a c t t h i s means t h a t Concorde has more Mach 2 experience than t h e combined a i r f o r c e s of a l l the NATO countries.
This has been achieved with a very good s a f e t y record but with some problems with despatch r e l i a b i l i t y where t y p i c a l l y Concorde achieves around 93% o r 94% of f l i g h t s despatched within 15 minutes of schedule, whereas current subsonic aeroplanes achieve around 99%. It is a l s o worth noting t h a t Concorde requires roughly four times the maintenance hours t h a t a r e necessary t o keep a Boeing 747 f l y i n g .
Looking a t the pros and cons of Concorde, Figure 1 , on the plus s i d e : Concorde r e g u l a r l y c a r r i e s a 10 ton payload over 3,500 n a u t i c a l miles a t Mach 2.05: i t operates within the e x i s t i n g a i r t r a f f i c c o n t r o l p a t t e r n s set by the subsonic f l e e t : it i s well l i k e d by the passengers. Against t h i s t h e r e a r e some s i g n i f i c a n t d e b i t s : i n today's world i t i s a noisy aeroplane compared t o the modern subsonic j e t s designed t o meet the c u r r e n t s t r i n g e n t noise requirements: the sonic boom the a i r c r a f t produces is judged t o be unacceptable over populated areas: t h e emissions of nitrogen oxides a r e r e l a t i v e l y high compared t o t h e subsonic aeroplane because of the high f u e l burn: l a s t l y i t was a very long, high c o s t , high r i s k development undertaken with a high l e v e l of government support. S t a r t i n g from t h i s b a s i s one can e s t a b l i s h an i n i t i a l l i s t of requirements f o r a second generation supersonic t r a n s p o r t , Figure 2 . F i r s t and foremost the a i r c r a f t has t o be capable of earning a s a t i s f a c t o r y commercial r e t u r n f o r both the manufacturers and the a i r l i n e s t h a t w i l l operate i t i n passenger service: a s f o r Concorde the aeroplane must be capable of operating i n the a i r t r a f f i c p a t t e r n s and a i r p o r t i n f r a s t r u c t u r e t h a t w i l l be determined by t h e subsonic f l e e t i n the e a r l y p a r t of the next century: the despatch r e l i a b i l i t y w i l l have t o be comparable with t h e subsonic f l e e t : the environmental requirements i n force a t the time of entry-into-service, both noise and emissions, w i l l have t o be met: the programme c o s t s and r i s k s must be controlled.
THE POTENTIAL MARKET
Turning next t o the market prospects f o r a successor t o Concorde, our f i r s t problem i s t o forecast what i s the s i z e of t h e passenger t r a f f i c i n the f i r s t decades of the 21st century. This i s an a c t i v i t y undertaken by a l l major companies i n the a v i a t i o n business and t h e r e a r e a number of highly complex methodologies used. They a l l take i n t o account expected and d i f f e r e n t growth of economies of various a r e a s of t h e world and o t h e r f a c t o r s such a s f u e l c o s t s e t c . , and eventually a r r i v e a t an estimate of the t o t a l number of passenger s e a t s t h a t a r e required t o meet t h e l i k e l y demands of t h e t r a v e l l i n g public. There is broad consensus from the various estimates and we a r e looking a t t r e b l i n g passenger t r a f f i c from 1990 t o 2010 and a f u r t h e r doubling between 2010 and 2030. Current BAe s t u d i e s of the market f o r the supersonic transport have concentrated on t h e top 150 routes. These routes have been i d e n t i f i e d using today's timetables and ranking the c a p a c i t i e s offered on a l l s e c t o r s g r e a t e r than 2000 n a u t i c a l miles. Routes flown e n t i r e l y over populated land have been removed, f o r example US Transcontinental.
These 150 routes represent approximately 607% of today's long haul capacity. By 2010, taking i n t o account t h e need t o o f f e r high frequency supersonic s e r v i c e s , these routes represent a much higher proportion of t h e supersonic market. 2000 n a u t i c a l miles was a r b i t r a r i l y chosen a s a minimum cut-off range because the supersonic transport obviously achieves g r e a t e r time savings on the longer f l i g h t s . However, a i r l i n e s w i l l operate on s h o r t e r s e c t o r s where t r a f f i c demand is high and t h e time savings a r e s i g n i f i c a n t .
Projections f o r i n t e r -r e g i o n a l t r a f f i c growth a r e shown i n Figure 3 .
These have been applied t o each of t h e top 150 routes t o determine t h e passenger t r a f f i c i n 2010. I t i s assumed from 2010 t o 2030 t h a t growth r a t e i s constant a t 3.5%. These t r a f f i c growth p r o j e c t i o n s a r e i l l u s t r a t e d on Figure 4 . It is of i n t e r e s t t o note t h a t , due t o t h e higher growth r a t e s on t h e North America t o Asia r o u t e s , by 2010 these routes have more t r a f f i c than t h e North A t l a n t i c , which i s today's dominant long-haul market. Both t h e North P a c i f i c and North A t l a n t i c with t h e i r long overwater segments a r e i d e a l l y s u i t e d t o supersonic operations.
Although the t o t a l t r a f f i c i n t h e e a r l y 21st century can be p r e d i c t e d , t h e s p l i t of t h i s t r a f f i c i n t o each f a r e category -f i r s t , business, economy e t c . -is more d i f f i c u l t t o f o r e c a s t . This s p l i t i s required a s each c l a s s of t r a f f i c w i l l r e a c t i n a d i f f e r e n t way t o supersonic time savings and f a r e premiums. F i r s t c l a s s t r a f f i c i s c u r r e n t l y growing a t only about one-third of t h e r a t e of t h e t o t a l t r a f f i c and some a i r l i n e s today a r e removing t h i s c l a s s of s e a t i n g a l t o g e t h e r . S i m i l a r l y business c l a s s i n some regions of the world i s growing a t about 80% of t h e t o t a l , although s e v e r a l a i r l i n e s a r e re-configuring t h e i r a i r c r a f t s e a t i n g t o improve t h e q u a l i t y of business c l a s s .
The main d r i v e r of t r a f f i c growth i s tourism and today t h i s i s growing a t 115% of t h e t o t a l t r a f f i c . Figure 5 i l l u s t r a t e s t h e e f f e c t of t h e s e trends on t h e market i n 2010 with f i r s t and business c l a s s e s reducing a s a percentage of t h e t o t a l t r a f f i c . I f these trends a r e maintained, f u t u r e a i r c r a f t could be configured i n only two c l a s s e s , o r indeed another form of t h r e e c l a s s layout would be e s t a b l i s h e d c o n s i s t i n g of business, s u p e r i o r economy and excursion. No doubt these c l a s s e s w i l l be re-defined by some new market o r i e n t a t e d t i t l e s .
The next t a s k i s t o i d e n t i f y t h e share of t h e t o t a l market t h a t can be reasonably expected t o be taken by a new supersonic t r a n s p o r t . This has t o recognise the i n e v i t a b l e i n t h a t a supersonic a i r c r a f t i s almost c e r t a i n l y more expensive f o r an a i r l i n e t o buy and operate than a contemporary subsonic v e h i c l e , although t h i s i s , t o some degree, o f f s e t by t h e g r e a t e r productivity a r i s i n g from i t s speed. Hence i t is l i k e l y t h a t a f a r e premium w i l l be required. E l a s t i c i t y of demand with f a r e increases w i l l be d i f f e r e n t f o r each c l a s s of t r a f f i c . The most i n e l a s t i c , i . e . l e a s t s e n s i t i v e t o f a r e i n c r e a s e , i s predicted t o be t h e f i r s t , business and f u l l f a r e economy passenger whereas t h e economy excursion and r e s t r i c t e d economy excursion passengers a r e expected t o be very s e n s i t i v e t o f a r e surcharges. The assessed reduction i n t r a f f i c with increased f a r e l e v e l s a r e shown on Figure 6 . These e l a s t i c i t i e s a r e f o r today's passengers however.
With t h e increased GDP and hence disposable income inherent i n t h e t r a f f i c f o r e c a s t , i t could be assumed t h a t tomorrow's passengers w i l l be prepared t o pay a higher supersonic surcharge than todays. Studies a r e being i n i t i a t e d t o t r y and evaluate both today's and tomorrow's passengers' e l a s t i c i t i e s . These e l a s t i c i t i e s a r e assumed t o apply on routes where t h e supersonic s e r v i c e achieves a time saving of 50%. The penetration of t h e market i s assumed t o be reduced with l e s s time saving with no t r a n s f e r from subsonic t o supersonic with zero timesaving.
Applying t h e s e f a r e e l a s t i c i t i e s t o t h e t r a f f i c f o r e c a s t f o r t h e top 150 routes, t h e number of passengers i n each c l a s s can be estimated i n 2030 f o r a range of f a r e surcharges, Figure 7 . The s i z e of t h e supersonic a i r c r a f t f l e e t can now be estimated. The r e s u l t s of t h i s a n a l y s i s suggest t h a t a reasonable s i z e d a i r c r a f t o f , s a y , 280 s e a t s would r e s u l t i n a f l e e t s i z e of some 1,600 a i r c r a f t a t a zero f a r e premium. A s t h e premium i s increased, s o t h e share of t h e market f a l l s u n t i l , a t 45%.
t h e f l e e t s i z e would reduce t o some 300 a i r c r a f t , Figure 8. A t t h i s s t a g e t h e e x e r c i s e i s e s s e n t i a l l y t h e o r e t i c a l a s i t assumes t h a t we can design and build an aeroplane t h a t can be s o l d and operated p r o f i t a b l y a t each of t h e f a r e premiums i n t h e range we have assumed.
TECHNOLOGY STANDARDS
This l e a d s n a t u r a l l y i n t o the question of technology standards. For study purposes we have e s t a b l i s h e d a datum standard based on t h e research work c a r r i e d o u t s i n c e Concorde was designed. This suggests t h a t r e l a t i v e t o Concorde supersonic aerodynamic drag can improve by 20%, s t r u c t u r a l e f f i c i e n c y by 40%. supersonic c r u i s e s p e c i f i c f u e l consumption from t h e engine by 3% and i n s t a l l e d t h r u s t t o weight r a t i o of t h e powerplant by l7.5%, Figure 9 . This l a t t e r f i g u r e allows f o r t h e s i g n i f i c a n t amount of weight and complexity t h a t w i l l have t o be introduced t o t h e powerplant t o enable t h e a i r c r a f t t o meet today's s t r i n g e n t noise requirements.
A t f i r s t s i g h t these f i g u r e s a r e s u r p r i s i n g l y l a r g e . However, one has t o remember t h a t Concorde technology is now approaching 25 y e a r s o l d .
A t t h e t i m e we w e r e designing Concorde t h e r e was no high powered computing a s we know i t today. Our mainframe computers of t h e time a r e equivalent t o a desk top PC of today. This severely l i m i t e d our a b i l i t y t o optimise both aerodynamic and s t r u c t u r a l design.
I n t h e systems f i e l d t h e a i r c r a f t predates the revolution brought about by d i g i t a l avionics. The one exception t o t h i s being t h e a i r i n t a k e c o n t r o l system which went through s e v e r a l re-designs culminating i n t h e d i g i t a l system on t h e a i r c r a f t today.
The a i r c r a f t a l s o pre-dates t h e widespread use of lightweight f i b r e reinforced r e s i n m a t e r i a l s , being almost e n t i r e l y made of m e t a l l i c s t r u c t u r e s . The predominant material being based on the RR58 p i s t o n aluminium a l l o y .
The datum standard we have e s t a b l i s h e d i s w e l l founded and takes f u l l advantage of t h e advances made i n t h e use of high powered computers t o optimise both aerodynamics and s t r u c t u r a l design.
Perhaps t h e most s t r i k i n g f i g u r e is t h e 40% improvement t a r g e t e d f o r t h e airframe s t r u c t u r e r e l a t i v e t o Concorde and t h e 20% improvement i n t h e engine t h r u s t t o weight r a t i o r e l a t i v e t o t h e Olympus 593.
A s a s t a r t i n g p o i n t i s i s worth r e f l e c t i n g on t h e dominant d i f f e r e n c e between a subsonic and a supersonic a i r c r a f t , i . e . t h e e f f e c t s of k i n e t i c heating on t h e a i r c r a f t . Figure 10 shows how t h e a i r c r a f t temperature r i s e s with increase i n c r u i s e Mach No. Two curves a r e shown. The upper curve i s t h e so-called stagnation temperature which r e p r e s e n t s t h e temperature a t t h e nose of t h e a i r c r a f t and a l s o t h e temperature of t h e a i r a t e n t r y t o t h e engine. The lower curve is t y p i c a l of t h e general s u r f a c e temperature reached by t h e airframe, t h e reduction i n temperature r e s u l t i n g from t h e e f f e c t s of r a d i a t i o n t o the atmosphere.
Dealing f i r s t with the airframe s t r u c t u r e i t i s c l e a r t h a t t h e e f f e c t s of both t h e a c t u a l temperature and long term high temperature soak on material p r o p e r t i e s have t o be allowed f o r i n t h e normal design processes, i . e . s t a t i c s t r e n g t h both t e n s i l e and compressive, f a t i g u e and damage tolerance e t c . There a r e , however, two o t h e r phenomena t h a t have t o be allowed f o r . F i r s t l y t h e thermal s t r e s s e s caused by temperature g r a d i e n t s within t h e s t r u c t u r e which can a r i s e a s standing s t r e s s e s due t o t h e presence of cold a r e a s such a s f u e l tank boundaries o r t r a n s i e n t e f f e c t s due t o t h e delay i n heating of s t r u c t u r e s remote from t h e heated surface. Secondly t h e r e i s t h e e f f e c t known a s creep when a t stress l e v e l s well below t h e normal e l a s t i c l i m i t t h e m a t e r i a l slowly deforms permanently. This permanent deformation can reduce t h e s t a t i c s t r e n g t h l e v e l s o r i n extreme cases proceed t o f a i l u r e .
Turning t o t h e t o p i c of m a t e r i a l s s e l e c t i o n we f i r s t have t o i d e n t i f y t h e c r u i s e Mach NO. of t h e a i r c r a f t . Our datum p o s i t i o n i s t o use t h e same c r u i s e Mach
No. a s Concorde, M = 2.05 a t ISA conditions. A t t h i s Mach No. we a n t i c i p a t e general s t r u c t u r a l temperatures t o be between go°C and 1 0 0~~ with only l o c a l areas approaching the f u l l s t a g n a t i o n 0 temperature of 127 C. W e a r e however a l s o studying higher c r u i s e Mach Nos. up t o M = 2.4 o r perhaps 2.5. For t h e s e ;ach N o~.~w e a n t i c i p a t e general s t r u c t u r a l temperatures of perhaps 150 C t o 160 C and l o c a l a r e a s up t o 2 2 0~~.
For t h e airframe we a r e looking a t t h r e e generic c l a s s e s of m a t e r i a l s a s p o t e n t i a l candidates, conventional metal a l l o y s , organic matrix composites and advanced m e t a l l i c m a t e r i a l s including metal matrix composites.
For t h e conventional wrought a l l o y s t h e Aluminium Lithium a l l o y s show some promise of achieving our targeted savings a t l e a s t a t t h e lower end of our p o s s i b l e Mach No. range. Titanium a l l o y s such a s T i 6 A14V and Ti 4 A 1 4 M o 25n p o t e n t i a l l y could o f f e r t h i s order of saving over t h e whole Mach No. range, but a r e of higher density which places them a t a disadvantage compared t o Aluminium due t o t h e r e l a t i v e l y low loading index of a d e l t a wing a i r c r a f t and t h e consequently l i g h t s c a n t l i n g s . This could be t o some e x t e n t o f f s e t by use of lightweight s t r u c t u r a l concepts such a s honeycomb panels but a t t h e expense of higher production c o s t s .
For organic matrix composite m a t e r i a l s todays toughened epoxy r e s i n matrices a r e probably marginal on temperature c a p a b i l i t y b u t would provide t h e required improvement i n s t r e n g t h and weight. For t h e lower end of our Mach No. range i t is possible t h a t cyanate e s t e r matrices w i l l perform s a t i s f a c t o r i l y and f o r t h e upper end of t h e range bismaleimides should be adequate. These l a t t e r m a t e r i a l s a r e already i n use i n t h e m i l i t a r y f i e l d and a r e expected t o more than meet our required performance t a r g e t . There i s , however, a question mark a g a i n s t t h e manufacturing process and c o s t s when used f o r l a r g e s t r u c t u r e s .
Turning now t o t h e advanced m e t a l l i c s we have developments such a s aluminium a l l o y s produced by evaporative a l l o y i n g techniques and t h e S i l i c o n Carbide o r Boron f i b r e reinforced metal matrix composites. The evaporated aluminium a l l o y s possess very good h e a t r e s i s t a n c e , creep performance and corrosion r e s i s t a n c e and should meet our t a r g e t improvement. There a r e , however, questions over our a b i l i t y t o move from e s s e n t i a l l y laboratory s c a l e production t o s i z e s associated with our projected aeroplane. S i l i c o n Carbide f i b r e s i n an aluminium matrix appears t o o f f e r very good performance, p o t e n t i a l l y well i n excess of our t a r g e t improvement, but with manufacturing problems t o be resolved, not t o mention questions over c o s t s .
I n summary, therefore, f o r the airframe there a r e s e v e r a l candidate materials but choosing between them w i l l depend on t h e eventual choice of c r u i s e Mach No. and the usual t r a d e o f f between technical performance and c o s t .
For the engine we s e e a very s i m i l a r p i c t u r e t o the airframe where t h e e f f e c t s of k i n e t i c heating fundamentally change key design parameters. For a t y p i c a l subsonic engine the take-off regime i s c r i t i c a l combining maximum rpm, maximum compressor e x i t temperature and maximum turbine i n l e t temperature, but l a s t i n g only f o r around two minutes. For the c r u i s e phase of f l i g h t engine rpm and temperature a r e s i g n i f i c a n t l y lower. Thus the s i z i n g c r i t e r i a a r e low and high cycle f a t i g u e , crack propagation, and t h e e f f e c t s of r o t o r b u r s t . Creep is relevant only t o a few components i n the high pressure turbine and a t the r e a r of the high pressure compressor and the creep l i f e required i s only a few hundred hours.
However, f o r the supersonic engine maximum rpm and engine temperature occur during the c r u i s e phase so t h a t creep becomes t h e main d r i v e r i n s i z i n g the bulk of the engine with creep l i f e requirement measured i n terms of thousands of hours.
The c r u i s e temperature a t compressor e x i t and turbine e n t r y a r e a t t h e same l e v e l a s the maximum temperatures on todays subsonic engines s o t h a t s i g n i f i c a n t improvement i n creep performance over todays materials i s required i f we a r e t o avoid major weight problems. Today considerable r e l i a n c e is being placed i n the development of various advanced m e t a l l i c materials such a s titanium aluminide, s i l i c o n carbide reinforced titanium o r titanium aluminide. These materials o f f e r good temperature c a p a b i l i t y , c r e e p r e s i s t a n c e and good s p e c i f i c s t r e n g t h .
On the b a s i s of todays knowledge of our current materials and these new m a t e r i a l s our b e s t assessment of t h e technologies/materials t o be used f o r the next generation of supersonic engines i s , Figure 11 :--Organic matrix carbon reinforced composites f o r the f r o n t s t r u c t u r a l casing.
-Titanium aluminide f o r t h e low and high pressure compressor vanes and casing. Improved s i n g l e -c r y s t a l technology f o r high pressure nozzles and blades.
Titanium aluminide f o r t h e low pressure turbine nozzles and casing and f o r the turbine exhaust case.
-Improved powder metallurgy f o r the low pressure turbine d i s c s For the systems considerable savings i n weight w i l l r e s u l t from t h e use of modern f l i g h t deck display technologies, and t h e use of d i g i t a l computers and d a t a highways, t o provide t h e c o n t r o l a r c h i t e c t u r e .
Using t h e s e standards we have designed a datum a i r c r a f t t o use i n our evaluation. This is shown i n Figure 12 and is s i z e d t o c a r r y 280 passengers, 5,500 n a u t i c a l miles with a c r u i s e Mach No. of 2.05. Physically t h e a i r c r a f t i s some 50% l a r g e r than Concorde.
This datum a i r c r a f t d i f f e r s notably from Concorde i n a number of key ways. The most obvious change i s i n the use of an a d
d i t i o n a l h o r i z o n t a l l i f t i n g s u r f a c e , i n t h i s instance a foreplane o r Canard. This i s required i n order t o give improved p i t c h c o n t r o l of t h e a i r c r a f t , both i n terms of t h e speed of response t o p i t c h change demands i n low speed, low a l t i t u d e f l i g h t and a l s o i n reduction of t r i m drag i n c r u i s e .
Also leading edge devices a r e a p a r t of t h e datum design t o improve low speed aerodynamic performance. This b e n e f i t s t h e a i r c r a f t i n two ways. f i r s t l y improved f u e l burn i n t h e low speed phases of f l i g h t , and secondly i n b e t t e r performance i n take-off terms t h a t w i l l c o n t r i b u t e t o a b e t t e r noise c h a r a c t e r i s t i c .
Perhaps t h e biggest difference i s i n the powerplant area. For t h i s datum a i r c r a f t study we have used a d e r i v a t i v e of t h e Olympus engine of Concorde. This d e r i v a t i v e is a by-pass engine, with a by-pass r a t i o of 1 . 5 i n order t o reduce exhaust v e l o c i t y , and hence reduce noise. It is a l s o equipped with an e j e c t o r s i l e n c e r system based on model and f l i g h t t e s t experiments c a r r i e d out i n t h e UK some 10 years ago.
A s an i n t e r e s t i n g e x e r c i s e we have studied t h e e f f e c t of such technology improvements on a Concorde s i z e d aeroplane, t h a t is a 100 s e a t e r aeroplane, Figure 13 . I f we apply exactly t h e same airframe technology used f o r Concorde but put on t h e b e t t e r engines and t h e noise treatments required t o meet todays FAR 36 Stage I11 noise requirements, t h e range of Concorde would be reduced from its c u r r e n t 3,500 n a u t i c a l miles t o something l e s s than 3,000 n a u t i c a l miles. But with t h e a p p l i c a t i o n of t h e assumed l e v e l s of technology f o r our datum aeroplane, t h e range would be increased t o over 5,000 n a u t i c a l miles, a f a i r l y impressive improvement. Also shown i s what I have c a l l e d "Todays Technology", i . e . t h e l e v e l of technology t h a t we could confidently use i f we launched t h e programme now. This would give a range of some 4,500 n a u t i c a l miles. This gives a good f e e l f o r the way t h e airframe technologies have advanced s i n c e Concorde was designed.
An i n i t i a l attempt has been made t o a s s e s s t h e c o s t s of t h e datum
aeroplane t h a t we have been studying and t h i s , coupled with the assumed technology standards, has enabled us t o make an i n i t i a l assessment of t h e l i k e l y operating c o s t s . This study shows t h a t f a r e l e v e l s would have t o be more than 15% higher than todays subsonic f a r e s i n order t o cover c o s t s and provide a r e t u r n on investment. On t h e b a s i s t h a t a 15% f a r e premium would be acceptable and would r e s u l t i n a l i k e l y requirement f o r 1,000 a i r c r a f t , t h e technologies t h a t would be required i n order t o b r i n g t h e f a r e premiums back t o t h e 15% l e v e l have been assessed. This suggests t h a t i n supersonic c r u i s e performance we need t o s e e a f u r t h e r 15% improvement and t h i s would be shared between t h e airframe i n t h e shape of the supersonic c r u i s e l i f t / d r a g r a t i o , and f o r t h e powerplant i n terms of i t s SFC. Our b e l i e f i s today t h a t such improvements a r e i n f a c t achievable. Figure 14 brings together t h e various technology standards mentioned.
TIMESCALES
To put the study programmes i n perspective, i t i s worth i d e n t i f y i n g t h e timescales i n which i t is considered t h a t such an a i r c r a f t would be introduced, Figure 15 . Based on today's knowledge t h e e a r l i e s t l i k e l y point f o r entry-into-service of such an aeroplane is around t h e year 2005. Bearing i n mind the complex nature of a supersonic aeroplane and i t s c e r t i f i c a t i o n process, such an entry-into-service date r e q u i r e s a s i g n i f i c a n t e f f o r t t o be put i n from about 1995. with the d e f i n i t i v e configuration and r e a l programme go ahead i n 1998. A key f a c t o r i n the whole programme is e s t a b l i s h i n g the requirements i n terms of environmental impact, such a s a i r p o r t noise and emissions i n t o t h e upper atmosphere, and before the p r o j e c t could go ahead i n a s e r i o u s business sense the necessary i n t e r n a t i o n a l standards and l e g i s l a t i o n need t o be i n p l a c e , o r a t l e a s t s u f f i c i e n t l y well understood f o r confidence i n eventual l e g i s l a t i o n t o be gained. This is d e a l t with i n more d e t a i l l a t e r . COLLABORATION I f our assessment of the l i k e l y market is reasonably accurate we a r e looking a t a world f l e e t of second generation supersonic t r a n s p o r t s reaching between 500 and 1,000 a i r c r a f t by the year 2030. Today.
the consensus is t h a t t h i s s i z e of market would not support more than one successful programme. There i s therefore considerable a c t i v i t y centred around t h e p o s s i b i l i t y of collaboration between t h e p o t e n t i a l players.
Collaboration on l a r g e c i v i l a i r c r a f t is not new. Indeed Concorde i t s e l f was a major collaborative e f f o r t between France and Great B r i t a i n and was the f i r s t such major collaboration i n t h e c i v i l f i e l d . Four main companies were involved, i n the UK B r i t i s h A i r c r a f t Corporation and Rolls-Royce, and i n France Sud Aviation and SNECMA.
Since t h a t time o t h e r collaborative ventures have taken place, notably Airbus I n d u s t r i e i n Europe.
There a r e i n i t i a t i v e s already i n place which have been well publicised over t h e p a s t year o r so. I n summary, B r i t i s h Aerospace and Aerospatiale have entered i n t o a t h r e e year period of collaboration, covering market analysis t o determine the l i k e l y f l e e t s i z e and a s e r i e s of programmes aimed a t studying the various technologies t h a t w i l l be required t o produce such an aeroplane. Also B r i t i s h Aerospace and Aerospatiale a r e collaborating with Boeing. McDonnel Douglas and Deutsche Airbus i n a s i m i l a r a c t i v i t y , again covering market a n a l y s i s , but i n the technical areas studying more l i m i t e d topics. I n p a r t i c u l a r they a r e carrying out an assessment of the various environmental i s s u e s and the problems t h a t could be associated with c e r t i f i c a t i o n of a multi-national aeroplane. Equally, i n t h i s collaboration, a number of business topics a r e being studied primarily associated with a c t i v i t i e s t h a t would be required t o s e t up a l a r g e c o l l a b o r a t i v e p r o j e c t , possibly involving European industry together with America and Japan.
I n the same way collaborative groupings a r e i n place on the engine a c t i v i t i e s . Rolls-Royce and SNECMA i n Europe have an MOU covering supersonic t r a n~'~o r t engine s t u d i e s and i n the USA General E l e c t r i c and P r a t t & Whitney have formed a j o i n t a c t i v i t y on engines f o r t h i s new a i r c r a f t .
TECHNOLOGY DEVELOPMENT
I n p a r a l l e l with the work going on i n the c o l l a b o r a t i v e s t u d i e s , t h e r e i s a considerable l e v e l of research a c t i v i t y i n Europe, America and Japan, seeking t o improve technology standards. This a c t i v i t y covers every aspect of the airframe and engine, Figure 16 .
Much of t h i s a c t i v i t y i s aimed a t improving our knowledge of the b a s i c technologies involved i n a supersonic transport aeroplane,but a t t e n t i o n i s a l s o being paid t o ensuring t h a t c o s t s i n manufacture w i l l be k e p t . t o a minimum. I n p a r a l l e l t h e o v e r a l l p r o j e c t design is being reworked continuously t o v a l i d a t e the r e s u l t s of the research work and t o evaluate the improvement t h a t can be made r e l a t i v e t o our datum a i r c r a f t .
ENVIRONMENTAL ISSUES
Three major topics dominate the environmental scene i n s o f a r a s a second generation supersonic transport is concerned. These a r e a i r p o r t n o i s e , sonic boom and emissions i n t o the upper atmosphere.
The problem of a i r c r a f t noise i s uniquely d i f f e r e n t f o r a supersonic t r a n s p o r t a i r c r a f t . I n order t o provide good performance a t supersonic c r u i s e conditions a low cross s e c t i o n a l a r e a powerplant with a high v e l o c i t y exhaust is necessary. Typically t h i s w i l l give exhaust v e l o c i t i e s at' take-off of around 800 m / s and t h i s would give unacceptable noise l e v e l s . The Olympus engine on Concorde gives 900 m / s a t take-off.
Modern turbofans with by-pass r a t i o s of around 5 o r 6 give exhaust v e l o c i t i e s of perhaps h a l f of t h a t l e v e l and t h i s r e s u l t s i n possibly 20 dB improvement i n noise l e v e l , Figure 17 .
There a r e two options being studied t o deal with t h i s problem. F i r s t l y , t h e use of j e t noise suppressors which e s s e n t i a l l y mix e x t e r n a l a i r with the exhaust gases t o reduce o v e r a l l flow v e l o c i t i e s . Various experimental programmes have demonstrated t h a t noise reduction of t h i s order can be achieved, but a t the expense of s i g n i f i c a n t t h r u s t l o s s e s and considerable weight. The second option i s the s o c a l l e d v a r i a b l e cycle engine t h a t has t h e a b i l i t y t o adapt i t s flow p a t t e r n s s o t h a t i t operates a s a low by-pass engine i n c r u i s e , but a s a high by-pass engine a t low speeds.
I n the event i t i s l i k e l y t h a t a combination of the two concepts w i l l be used.
The challenge of t h e sonic boom is much more d i f f i c u l t t o d e a l with. Experience with Coycorde has shown t h a t very low l e v e l s of overpressure (approx. .25 l b / f t ) a t the ground can cause problems. The primary boom on Coycorde gives overpressures an order higher than t h i s , around 2 l b j f t . Although the a i r c r a f t configuration can be adapted t o reduce the overpressure, and equally important the r a t e of r i s e of pressure, such adaptations a r e a t a s i g n i f i c a n t and unacceptable c o s t i n terms of c r u i s e performance. To date our s t u d i e s c l e a r l y suggest t h a t supersonic f l i g h t over populated land masses w i l l not be t o l e r a t e d .
Also receiving considerable a t t e n t i o n , and p u b l i c i t y . is t h e t o p i c of emissions, e s p e c i a l l y of nitrogen oxides ( n i t r i c oxide and nitrogen dioxide) known a s "NOX", i n t o the upper atmosphere, and i n p a r t i c u l a r t h e i r impact on the ozone l a y e r . This i s a very complex s u b j e c t and one where our understanding of the physical and chemical processes involved is not complete. Figure 18 shows how the concentration of ozone v a r i e s with a l t i t u d e i n t h e mid l a t i t u d e s , with the peak concentration a t around 23 km a l t i t u d e the so-called ozone l a y e r . Also shown a r e the optimum c r u i s e a l t i t u d e s f o r supersonic a i r c r a f t at various Mach Nos., a s w e l l a s t h e subsonic f l e e t . A s can be seen supersonic a i r c r a f t exhaust emissions occur i n t h e ozone l a y e r i t s e l f .
The ozone l a y e r is t h a t p a r t of the atmosphere t h a t provides us with s h i e l d i n g a g a i n s t most of t h e sun's u l t r a v i o l e t l i g h t -which can cause s k i n cancer, eye problems and depress the immune system of animals ( l i k e u s ) a s well a s a f f e c t i n g p l a n t s (which might be a g r i c u l t u r a l l y important crops) .
Concern about t h e s t r a t o s p h e r i c e f f e c t s of engine emissions f i r s t arose i n the e a r l y 1970's during Concorde's development (and development of s i m i l a r American and Russian a i r c r a f t ) . Based upon the r a t h e r l i m i t e d knowledge of atmospheric chemistry a t the time, the consensus was t h a t any ozone depletion would be small. Of course these f o r e c a s t s have never been t e s t e d because t h e number of supersonic t r a n s p o r t s f l y i n g has remained so small a s t o have a n e g l i g i b l e e f f e c t on ozone.
Since t h e mid 7 0 ' s concern f o r the ozone l a y e r has focused on t h e e f f e c t s of c h l o r i n e (and bromine) from the now infamous CFC's and s i m i l a r chemicals but with the current i n t e r e s t i n a second generation Supersonic Transport has again brought NOX back i n t o focus.
Both NOX and chlorine (and bromine) r e a c t with ozone and destroy i t . Reactions between NOX and chlorine themselves, however, r e s u l t i n molecules t h a t do not a t t a c k ozone. Conversion of these ' r e s e r v o i r ' molecules back i n t o ozone destroying forms, can take place on the surfaces of s t r a t o s p h e r i c i c e c r y s t a l s and sulphur p a r t i c l e s -leading f o r example t o t h e Antarctic ozone 'hole' and perhaps t o the low amounts of ozone measured (by European and American s c i e n t i f i c expeditions) over mid l a t i t u d e s of t h e northern hemisphere. Also taking place on the surface of those i c e o r sulphur p a r t i c l e s may be r e a c t i o n s t h a t convert NOX i n t o a form t h a t does not a t t a c k ozone.
Recent work a t the University of Cambridge has concluded t h a t ".. ... t h e d i r e c t impact of high speed c i v i l t r a n s p o r t i s l i k e l y t o be much l e s s than previously thought ....."
Much of t h i s a c t i v i t y i s centred around a NASA co-ordinated study which i s building on work begun when the CFC problem was r e a l i s e d i n the l a t e seventies.
(That work l e d t o the Montreal Protocol of 1987 and i s continuing a s t h e Protocol i s reviewed). Prominent s c i e n t i s t s from Europe a r e p a r t of t h i s a c t i v i t y . Equally t h e r e a r e s i m i l a r s t u d i e s running i n Europe, although i n a l e s s well co-ordinated fashion.
Also key t o t h i s problem i s quantity of p o l l u t a n t created by t h e engine.
Emissions from an engine a r e characterised by an 'Emission Index' (EI) -t h e amount of p o l l u t a n t ( i n grams) produced per Kg of f u e l used. I n t h e case of Concorde the E I during i t s c r u i s i n g s t a g e i s about 19 -a f i g u r e probably not much d i f f e r e n t from todays subsonic a i r c r a f t . To ensure its e f f e c t on ozone is minimal Concorde's successor w i l l need t o have a much lower value -a f i g u r e of 5 is the t a r g e t of work c u r r e n t l y underway.
SUMMARY
Technically I believe t h e r e is l i t t l e doubt t h a t a successor t o Concorde could be put i n t o s e r v i c e by 2005 t o 2010 and t h a t i t would prove t o be an a t t r a c t i v e aeroplane f o r t h e f a r e paying passengers and the A i r l i n e s . However, t h e r e a r e many hurdles t o be overcome before a decision can be made t o launch such a programme.
A key i s s u e i s t h a t of the environmental aspects i n two areas. F i r s t l y much work remains t o be done by the world s c i e n t i f i c community t o continue the s t u d i e s i n t o atmospheric modelling and chemistry i n order t o e s t a b l i s h robust models f o r the p r e d i c t i o n of atmospheric changes f a r i n t o t h e f u t u r e . This w i l l permit world l e g i s l a t o r s t o agree an allowable emission l e v e l f o r a new supersonic a i r c r a f t . Secondly, more work remains tobe done on a i r p o r t noise. Within the ICAO framework t h e t o p i c of a i r p o r t noise i s being studied a s p a r t of t h e i r normal cycle of review of noise l e g i s l a t i o n . It i s a n t i c i p a t e d t h a t both of these a c t i v i t i e s w i l l come t o f r u i t i o n by 1995 o r 1996.
Today w e a r e hopeful t h a t the outcome of t h i s work w i l l be l e g i s l a t i o n s e t t i n g l i m i t s t h a t a r e achievable f o r a new supersonic a i r c r a f t . I f t h e l i m i t s s e t a r e too demanding then t h e r e w i l l be no p r o j e c t launch.
Equally important i n the decision process i s the need t o be confident t h a t t h e r e is a sound business case f o r the p r o j e c t such t h a t the manufacturers and Airlines can make s e n s i b l e r e t u r n s on t h e i r investment.
I n conclusion I should r e t u r n t o t h e t i t l e of t h e l e c t u r e "Prospects f o r a Second Generation Supersonic Transport." Concorde has shown t h a t a supersonic a i r c r a f t can provide an a t t r a c t i v e and r e l i a b l e s e r v i c e .
Technology advances s i n c e then should provide a second generation aeroplane a b l e t o f l y between Europe, A s i a and America on most of t h e important c i t y pairings. Provided t h a t development and manufacturing c o s t s a r e held t o reasonable l e v e l s then an aeroplane a t t r a c t i v e t o t h e manufacturers, a i r l i n e s and customers should r e s u l t .
It i s a l s o worth noting t h a t a supersonic a i r c r a f t i s p a r t i c u l a r l y well s u i t e d t o the t r a n s -a t l a n t i c and t r a n s -p a c i f i c routes which w i l l be the most used routes i n the e a r l y p a r t of the next century.
Overall, therefore. I conclude t h a t the prospects f o r a second generation supersonic transport can be judged a t t h i s e a r l y s t a g e a s favourable. There i s , however, one very important r e s e r v a t i o n , and t h a t i s the f u t u r e of l e g i s l a t i o n on environmental i s s u e s . 
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